[1] During the EU-project Influence of Stratosphere-Troposphere exchange in a Changing Climate on Atmospheric Transport and Oxidation Capacity (STACCATO), a combined approach of a measurement network and numerical simulations was used to estimate the strength and frequency of stratosphere-to-troposphere transport (STT) events and their influence on tropospheric chemistry. Measurements of surface ozone, beryllium-7, and beryllium-10 concentrations and meteorological parameters at four European high mountain stations, as well as atmospheric profiles obtained by ozone soundings and a high-resolution lidar, were carried out. In order to simulate STT events, seven different models have been applied by the STACCATO partners. These are two trajectory models (LAGRANTO and FLEXTRA), a Lagrangian transport model (FLEXPART), a Lagrangian chemistry-transport model (STOCHEM), a Eulerian transport model (TM3), and two general circulation models (ECHAM4 and MA-ECHAM4). In order to investigate the strengths and weaknesses of each of these models and to identify the reasons for their discrepancies, a detailed comparison with measured data is presented in this paper. These models provided fluxes and concentrations of a stratospheric tracer, as well as the vertical profiles of ozone and radionuclides for a stratospheric intrusion case study that occurred over Europe in the year 1996. The comparison of the model results with the measurement data and the satellite observations revealed that all the models captured the general behavior of the event. However, great differences were found in the intensity and spatial development of the simulated intrusion event.
Introduction
[2] Stratosphere-troposphere exchange (STE) is one of the most important factors controlling the levels of ozone, water vapor and other compounds both in the stratosphere and in the upper troposphere. According to the nomenclature defined by A. Stohl et al. (Stratosphere-troposphere exchange: A review and what we have learned from STAC-CATO, submitted to Journal of Geophysical Research, 2003) , the expression stratosphere-to-troposphere transport (STT) is used in this paper to refer specifically to stratospheric intrusion phenomena. The most important phenomena promoting STT events are associated with tropopause folds and cut-off lows. Tropopause folds are related to rapid surface cyclogenesis [Reed, 1955] or strong frontal activity with the development of jet stream instability in the middleupper troposphere or in the lower stratosphere [Danielsen, 1968; Buzzi et al., 1984] . During these events, a frontogenically induced ageostrophic circulation can bring stratospheric air to reach lower altitudes and troposphere. Turbulence near the jet and diabatic erosion of the tropopause can then lead to irreversible mixing of stratospheric and tropospheric air. In a cut-off low, STT can be caused by convective erosion of the tropopause and turbulent mixing inside the cyclonic vortex or by tropopause folding during the vortex formation or its intensification [Vaughan and Price, 1989] . Although the tropopause folds related to cutoff lows are less intense than those associated with jet stream instability, they are considered to be more frequent [Price and Vaughan, 1992] .
[3] From a statistical analysis concerning deep stratospheric intrusion events at two mountain stations in the Alpine area (Zugspitze and Wank) during a 10-year measurement period, Elbern et al. [1997] concluded that the lower troposphere was significantly influenced by stratospheric air masses during 5% of all days and the annual average of the monthly enrichment rate of ozone (O 3 ) concentration was about 3%. However, the statistical analysis of stratospheric intrusions based on experimental data is strongly dependent on the criteria used to select the events . In fact, by a different methodology James et al. [2003] estimated that about 9% of the fraction of O 3 was due to pronounced STTs in the period 1990 -1999 at the Zugspitze. A climatology of stratospheric O 3 transported to high-Alpine sites during STT events based on both model results and measurement data , showed that during the late winter/early spring direct STT events (i.e., those that occurred close to the measurement stations and left a clear signal in the measurement data) contributed about 15-25% to the recorded O 3 . In a previous study Austin and Follows [1991] and Follows and Austin [1992] , suggested that 25% of the O 3 at 300 hPa has a stratospheric origin, while at 700 hPa this influence decreased to 10% and at surface level to 5%. Using a coupled general circulation-chemistry model Roelofs and Lelieveld [1997] found that 40% of the tropospheric O 3 originated in the stratosphere. There are evident discrepancies between the different experimental and modeling studies which can be attributed to many factors. In the experimental studies the detection of STT events is strictly related to the altitude of the measurement site, its geographical location as well as the number, the types and the sampling time resolution of atmospheric tracers monitored. In fact, after crossing the tropopause, stratospheric air starts to mix with tropospheric air, losing part of its original properties. Moreover, STT events often have a very short duration that cannot be captured by measurements with a too coarse time resolution.
[4] In order to reduce these uncertainties, different models are used to diagnose STT events by the partners of the EU project Influence of Stratosphere-Troposphere Exchange in a Changing Climate on Atmospheric Transport and Oxidation Capacity (STACCATO). The seven models are shortly characterized in Table 1 . There are two trajectory models (LAGRANTO and FLEXTRA), a Lagrangian particle dispersion model (FLEXPART), a Lagrangian chemistry model coupled to a climate model (STOCHEM), a Eulerian chemistry model (TM3), a general circulation model (MA-ECHAM4) and a chemistry-general circulation model (ECHAM4). The general circulation models (GCMs) were nudged toward ECWMF analyses for the period considered (for more details on the models see Meloen et al. [2003] ). Besides using different input data, the models are characterized by different horizontal, vertical and temporal resolution. Some, but not all, included convection and PBL schemes. These models, widely used in STACCATO to establish global climatologies of STE and its influence on the tropospheric O 3 budget, are usually used for quite different purposes and focus on very different aspects of STE (e.g., air chemistry studies, transport climatologies). However, it was considered important to bring them all together for a joint study and to compare them with each other. Thus, they have been applied to study in detail one STT event for which an excellent set of measurement data was available. An intercomparison between the different models is presented in a companion paper by Meloen et al. [2003] while in this work we compare the models with available measurement data. The extended measurement network that was used within the STACCATO project ( Figure 1 ) consisted of four mountain stations (Jungfraujoch: JUN; Sonnblick: SON; Zugspitze: ZUG; Mt. Cimone: CIM), a high-resolution ozone lidar (Garmisch Partenkirchen: GAR) and an ozone sounding station (S. Pietro Capofiume: CAP). The area covered by the STACCATO measurement sites is known to be frequently subjected to STT [Davies and Schuepbach, 1994] . In fact, lee cyclogenesis is quite frequent in the Alpine region [Buzzi et al., 1984; Buzzi et al., 1985; Tafferner, 1990; Aebischer and Schaer, 1998 ] and leads to frequent STT episodes [Schuepbach et al., 1999] . At CIM Bonasoni et al. [2000] identified 26 events of high ozone levels associated with transport from the lower stratosphere/upper troposphere within a 2-year period, while over GAR lidar measurements could be carried out during 42 stratospheric intrusion episodes in 1996 and 1997 [Eisele et al., 1999] .
[5] This paper is structured as follows: the measurement data and the model products used to investigate the STT event are briefly described in the next section. Section 3 presents the results of the comparison, which are discussed in section 4, where the conclusions are drawn.
Stratospheric Tracers: Experimental and Modeling Approach
[6] The different data obtained at the STACCATO stations are summarized in Table 2 . Vertical sounding by a high-resolution O 3 lidar at GAR and by ozone-soundings (O 3 , relative humidity and specific humidity) at CAP and at two stations not directly involved in the STACCATO project (Payerne: PAY; Hohenpeißenberg: HOH), were utilized. Furthermore, we used continuous measurements of relative humidity (RH), O 3 , beryllium-7 (Be-7) and beryllium-10 (Be-10) concentrations carried out at the four high mountain stations JUN, CIM, SON and ZUG. These parameters are the principal tracers used to identify STTs. In fact, stratospheric air is characterized by high O 3 concentrations and low RH. However, due to the dilution and mixing with tropospheric air, STT events at mountain stations are not always associated with clearly elevated O 3 and low RH conditions. Furthermore, low RH values are also characteristic for air that has descended from the upper troposphere and was warmed adiabatically. High concentrations of the cosmogenic radionuclide Be-7 (t 1/2 = 53.2 days) are also indicative for STTs [Reiter et al., 1983] , but Be-7 can be removed by wet scavenging of the carrier aerosol. In addition, because one third of Be-7 is produced in the upper troposphere [Koch and Mann, 1996; Koch et al., 1996; Dutkiewicz and Husain, 1985] , it is an ambiguous stratospheric tracer [Zanis et al., 1999; Stohl et al., 2000] . Therefore, during STACCATO, measurements of Be-10 concentrations were performed using the same air filters as for Be-7 determination. Be-10 is formed by nuclear spallation reactions in the stratosphere and upper troposphere. Due to its long half-life (t 1/2 = 1.5 Â 10 6 years) ''it has essentially zero decay probability in the atmosphere'' [Raisbeck et al., 1981] , but it is removed by wet deposition in the same way as Be-7. Thus, the ratio Be-10/Be-7 should be a very sensitive parameter to identify STTs, as it is higher in the stratosphere than in the troposphere [Raisbeck et al., 1981; Dibb et al., 1994] .
[7] STT events are also seen as regions of dry air in water vapor (WV) images from meteorological satellites. The observations within the Meteosat 6-mm WV channel are very sensitive to dry air in the upper troposphere [Appenzeller and Davies, 1992; Appenzeller et al., 1996; Wirth et al., 1997] and can be useful to describe the spatial extensions of the dry air stream from the stratosphere. The instrument is most sensitive at around 450 hPa for very dry conditions in the upper troposphere, while for a moist upper troposphere the highest sensitivity is at higher levels [Fischer et al., 1982] .
[8] In order to simulate the stratospheric intrusion event, each model group was asked to calculate the transport of an idealized stratospheric tracer that was characterized by a mixing ratio kept constant at 1 kg/kg in the stratosphere (above the tropopause level defined as the 2 pvu potential vorticity surface, where 1 pvu = 10 À6 K m 2 kg À1 s À1 ) and by a decay time of 2 days in the troposphere (more detail on the models setup [Meloen et al., 2003] ). The main purpose of this tracer was to compare how the different models simulate its transport. Having a decay time of only 2 days, this tracer is also a good indicator where stratospheric air has recently intruded into the troposphere. Its spatial distribution should, thus, agree at least qualitatively with the measurements of the various stratospheric tracers at the measurements stations. In addition, some models also explicitly calculated the vertical profiles of O 3 , Be-7 and Be-10 over the measurement sites (see Table 3 ).
Case Study: Episode From 26 May to 7 June 1996
3.1. Case Study: Synoptic and Meteorological Description
[9] The studied STT episode occurred during the period 26 May 1996 to 7 June 1996. It was already extensively studied during the projects VOTALP and VOTALP II and thus we provide here only a brief description of the respective synoptic situation (for more detailed descriptions see Feldmann et al. [1999] , Eisele et al. [1999] , Bonasoni et al. [2000] , and Stohl et al. [2000] ). During this period, two STT events influenced great parts of central and southern Europe and were recorded at the mountain and sounding stations. On 28 May, a streamer with stratospheric PV values extended from Scandinavia to the Alpine region on the 310 K isentropic surface . This streamer is seen as a band of dry air extending from Scandinavia to southern Italy in the Meteosat WV image (Figure 2a ). Since 29 May, anticyclonic subsidence was present in the western part of the fold, where the stratospheric air was transported downward into the middle troposphere over the Alps and the northern Apennines. On the same day a low was cut off in the Mediterranean.
[10] The second STT event developed on 2 June 1996 when the 500 hPa chart showed a trough from Scotland to Algeria together with stratospheric values of PVon the 310 K isentropic surface. A cyclonic vortex, visible in the WV map (Figure 2b ), developed over the Gulf of Genoa and was cut off on 4 June 1996.
Stratospheric Tracer Flux Over the Model Domain
[11] In order to evaluate the capability of the different tools of describing the stratospheric intrusion at high tropospheric levels, the Meteosat WV image is compared with the spatial distribution of the stratospheric tracer as calculated by models. Ideally, the comparison should be made with vertical columns of the stratospheric tracer, but as this was not available from all the models, we compare the maps of the net stratospheric tracer flux at 500 hPa. It must be kept in mind that the dark regions in the WV Meteosat images are not always indicative of stratospheric air, but can also be associated with air descending only from the upper troposphere.
[12] Generally, the streamer of dry air seen in the satellite observations was captured by all the models (Figure 3 ). In fact, for LAGRANTO, FLEXTRA and FLEXPART a narrow band of high downward stratospheric tracer flux (greater than 10 À2 kg m À2 s
À1
) overlapped very well with the Meteosat dry air stream. For TM3, ECHAM4 and MA-ECHAM4, the geographical domain was almost entirely filled by traces of the stratospheric tracer. In fact, the two GCM models simulated high values of downward strato- [ST] , averaged between 600 and 800 hPa, with the O 3 , RH, Be-7 and Be-10 recorded during the event. We considered 600-800 hPa because this is the range that includes the altitudes of all the mountain stations considered. This vertical averaging also minimizes problems related to the differences between the real topography and the model topographies, which can be quite large. Due to the specific nature of the stratospheric tracer calculated by models, only a ''qualitative'' comparison with the measurements data was possible. For those models that provided measurable parameters (i.e. O 3 , Be-7, Be-10), they were compared also quantitatively to the measurements. In this section, each paragraph presents the results of each model for the mountain stations. Particularly, we focus on the strongest STT evidences recorded at JUN, where Be-10 measurements were available, and CIM, the only summit station south of the Alps.
[14] At JUN, the arrival of stratospheric air was evidenced by a maximum in O 3 and Be-7 (77 ppb and 11 mBq/m 3 respectively) as well as by a decrease in the RH starting on 28 May at 1900 UTC (hour 67 since 26 May 1996 at 0000 UTC in Figure 4 ). During the second STT event, high values of O 3 (68 ppb) and Be-7 (10 mBq/m 3 ) together with a drop in RH (31%) were recorded around hour 252. In the northern Apennines, as recorded at CIM, the strongest experimental evidences of the STT event occurred between hour 108 and 132, when ozone hourly concentrations increased to 90 ppb, RH dropped to 0% and Be-7 reached 15 mBq/m [17] Both for JUN and CIM, STOCHEM revealed a tropopause lowering below 300 hPa. However, the simulated intrusion did not penetrate to lower levels and did not (Figures 4, 5, 6 , and 7), providing a too weak input of [ST] in the lower and middle troposphere. This is likely related to the fact that transport of the tracer was simulated by STOCHEM only with 100,000 particles distributed in the whole atmosphere. With such a small number of particles, the chances that a mesoscale intrusion event is missed are high. calculated a very broad stratospheric intrusion which did not resolve the features of the event (Figure 7) .
O 3 , Be-7, and Be-10
[20] As previously reported, some of the models calculated the vertical profiles of O 3 , Be-7 and Be-10 at the measurement sites: STOCHEM simulated both O 3 and radionuclides, ECHAM4 only O 3 and MA-ECHAM4 only Be-7 and Be-10 (see Table 3 ).
STOCHEM
[21] This model calculated tropospheric O 3 using a chemistry scheme involving oxidation of hydrocarbons up to C4 and isoprene. O 3 above the tropopause is relaxed with a 20 day e-folding time toward the monthly ozone climatology from Li and Shine [1995] . Low O 3 levels were predicted by this model at JUN (Figure 8a ). STOCHEM calculated descending stratospheric O 3 both around hour 48 and during the second STT event (since hour 144), for which the model also simulated photochemical O 3 production in the lower troposphere (Figure 8b ). Similar results were found for CIM (Figure 8c) , where the main increase of stratospheric O 3 was simulated around hour 48 (Figure 8d) , with high photochemical concentration after hour 138 (as described by Bonasoni et al. [2000] ).
[22] Be-7 and Be-10 production rates are used in STO-CHEM according with Masarik and Beer [1999] . STO-CHEM underestimates the measured values at JUN and ZUG (Figures 9a and 9c) . The 8 mBq/m 3 Be-7 concentration, indicated by Reiter et al. [1983] as typical values to trace STT events, was simulated only at about 400-500 hPa (Figures 9b and 9d) . Also the highest Be-10 were underestimated by STOCHEM (Figure 10 ). An explanation for the Be-7 and Be-10 underestimation, could be found in the rather crude scavenging parameterization applied.
ECHAM4
[23] The model used a CBM4 chemistry scheme to calculate O 3 , which is advected by a semi-Lagrangian transport scheme. Stratospheric O 3 is parameterized by a 2D stratospheric chemistry model and by an O 3 -potential vorticity scheme in the lower stratosphere (see also G. J. (Figure 11b ). Also during the second event the simulated O 3 was in good agreement with measurements, both having maximum values of about 80-90 ppb. For CIM (Figure 11c ), ECHAM4 simulated too high O 3 concentrations and they occurred too early, compared with the measurements. This is partly due to the coarse resolution of ECHAM4: the simulated peaks in stratospheric ozone at JUN and CIM occurred at the same time (Figures 11a and  11c) , while in the measurements the peak at CIM occurred two days after the one at JUN.
MA-ECHAM4
[24] Be-7 and Be-10 production are simulated as explained by Land and Feichter [2003] . At JUN, the peak values of 11 mBq/m 3 and 10 mBq/m 3 shown by measurements and model results (Figure 12a) , were related to the first input of stratospheric air (hour 24-72, Figure 12b) . On average the model underestimates Be-7 concentration. At ZUG (Figures 12c and 12d) , where the radionuclide sampling was carried out with 24 hour resolution, the measured and simulated series showed a very good agreement (par- ticularly during the peak event around hour 72). For Be-10 (Figure 10 ), a good agreement is found between simulated and measured data.
Stratospheric Tracer Concentrations at Atmospheric Sounding Stations
[25] In this section we compare simulated (i.e. [ST] , O 3 , SH) with measured vertical profiles (i.e. O 3 , RH, SH). For this comparison, we use data from PAY, HOH and GAR, where many vertical profiles were available (see Table 2 ).
[26] The tropopause folding that developed during the first STT event was studied in particular between hours 48 and 104. During this period PAY soundings recorded dry air (RH < 30%, SH < 1 kg/kg) between 500 and 900 hPa, and especially around 600 hPa where O 3 was enhanced (90 ppb) in the ozone-sounding carried out at hour 60 ( Figure 13 ). The following ozone-sounding (hour 84), had a more complex structure with two well-defined layers (around 550 and 850 hPa) with high O 3 (up to 80 and 75 ppb) and low RH (30%). From hour 80 to hour 104, descent of stratospheric air to below 4 km was seen in the ozone lidar data at GAR (air mass marked ST in Figure 14) with concentrations above 60 ppb [Eisele et al., 1999] .
[27] During the second STT event (hour 204 and 252), the ozone-soundings recorded at PAY showed different dry and O 3 -rich layers, as reported in Figure 13 . 3.5.1. LAGRANTO and FLEXTRA
[28] The models showed similar behaviors simulating the STT event. Around hour 48, both models showed a lowering of the tropopause height for PAY (Figure 15 ). However, even if they provided simulated SH according to observations, only LAGRANTO showed not negligible [ST] around 600 hPa at hour 60 ( Figure 13 ).
[29] During the second STT event, a lowering of the tropopause level down to 300 hPa was seen (Figure 15 À2 kg/ kg around 600 hPa, according to O 3 and RH measurements ( Figure 13 ). After 24 hours, the dry and O 3 -rich air mass at 550 hPa, was totally missed. This can be explained looking at the lidar sequence carried out at GAR. In fact, after the tropopause fold, an Atlantic air mass (MA in Figure 14 ) with low O 3 (below 50 ppb) crossed the measurement site at an altitude between 2 and 7 km (%760-370 hPa) [Eisele et al., 1999] . On the other hand, the elevated O 3 concentrations present in the troposphere (above 4 km), has been related to the advection of polluted air from USA [Trickl, 2003] . Thus, the moist and O 3 -poor layer around 700 hPa and the upper dry layer and rich in O 3 recorded at PAY (%350 km west of GAR) around hour 84, could be associated with the Atlantic and USA air masses identified around hour 98 by lidar. Similarly, the high O 3 recorded by ozone-sounding profiles above 750 hPa at hour 132 (PAY) could be explained. Thus, also the low RH as well as the high Be-7 and Be-10 recorded at JUN during the middle of the case study (section 3.3), could be associated to upper-tropospheric advection of air masses having crossed the Atlantic Ocean. At GAR, below 4-5 km, the agreement between the FLEXPART results and the lidar measurements was not totally satisfying as low [ST] values (<10 À3 kg/kg; Figure 16 ) were calculated. (Figure 15 ), the STOCHEM model showed too low [ST] to explain the RH and the O 3 recorded by measurements ( Figure 13) . Similarly, for GAR a weak input of [ST] (<10 À3 kg/kg) was present at too high altitude (between 4 and 6 km) to overlap with the stratospheric O 3 revealed by lidar (Figure 16 ).
TM3
[33] At PAY, a well-defined intrusion of [ST] (>10 À2 kg/ kg) started at hour 24 and reached, after strong mixing and dilution, low levels ( Figure 15 ). In spite of experimental evidences, around hour 60, TM3 simulated stratospheric air ([ST] > 10 À2 kg/kg) only above 600 hPa, and around hour 84 the [ST] was small between 900 and 800 hPa (Figure 13) . At GAR the agreement between the TM3 results and the lidar measurements was not satisfying below 4 km, where low [ST] values (<10 À3 kg/kg) was calculated by the model (Figure 16 ). The second STT event was simulated by TM3 above 500 hPa ([ST] > 10 À2 kg/kg) without capturing the atmospheric layering recorded at hour 204 ( Figure 13 ). After 48 hours, even if somewhat lower than observed, a quite broad [ST] peak (10 À2 kg/kg) was simulated at 500 hPa in agreement with the measured O 3 peak recorded. 3.5.5. ECHAM4 and MA-ECHAM4
[34] Around hour 60 the models simulated SH < 1 kg/kg at 800 hPa level (Figure 15 ), well in accordance with the ozone-sounding data. At this time, they simulated over PAY a thick stratospheric layer, but for ECHAM4 a lower altitude than observed (Figure 13 ). After 24 hours, ECHAM4 located this layer around 850 hPa, whereas MA-ECHAM4 simulated a too broad intrusion weak in agreement with the layering recorded by measurements. At GAR, [ST] > 10 À2 kg/kg were related to the tropopause folding (Figure 16 ). However, an excessive spread of stratospheric air was found. This was more evident for MA-ECHAM4, for which the high [ST] did not capture all the features of the event.
[35] During the second STT event, both models did not capture the layering recorded by the measurements. Particularly, they simulated at PAY a too deep stratospheric influence since hour 204 (Figure 13 ).
O 3 at Atmospheric Sounding Stations
[36] In order to evaluate the simulated O 3 , the averaged deviation (ÁO 3 ) of the simulated from measured values inside a ''low tropospheric layer'' (between the surface and 800 hPa) and an ''upper tropospheric layer'' (between 800 and 300 hPa) is considered. The results are reported in the Table 4 . 3.6.1. STOCHEM
[37] For PAY and HOH, this model simulated an underestimation of O 3 between 800 and 300 hPa, while a clear surplus of photochemical O 3 was simulated inside the ''low tropospheric layer'' during the second STT event (Table 4) . Particularly, during the first STT event the intrusion features were not completely reproduced at PAY (Figure 17 ). The O 3 underestimation appeared clearly also comparing STO-CHEM with lidar profiles at GAR. At hours 204 and 252, STOCHEM placed O 3 peaks at quite the correct altitudes, and it approached the O 3 levels observed at PAY.
ECHAM4
[38] During the first STT event, ECHAM4 simulated O 3 values similar to those recorded at PAY and HOH (jÁO 3 j < 8 ppb). Particularly, the O 3 layering calculated by ECHAM4 at PAY was quite realistic (Figure 17) . In good agreement with profile recorded at hour 132, the model simulated high O 3 moving downward from the upper troposphere between hours 72 and 144. For GAR, ECHAM4 simulated O 3 at 60-70 ppb within the folding. Moreover, also the low O 3 within the marine air mass (O 3 < 60 ppb), and the transport episode from North America (O 3 > 70 ppb) were identified quite well (Figure 17) .
[39] During the second STT event, on average high O 3 was simulated at PAY (see Table 4 ), with the ozone-pause simulated below the observed altitude. Particularly, below 800 hPa, it is the contribution of the photochemical production (since hour 144; upper plate 17) which contributes largely to exceed the observed data (ÁO 3 > 24 ppb). Similar O 3 values were simulated for HOH, except that results were better between 800 and 300 hPa (Table 4) .
Discussion and Conclusion
[40] In order to evaluate seven models used in the STACCATO project to study STE, a detailed validation exercise was carried out during a stratospheric intrusion event. The results of an intercomparison of these models are reported in a companion paper [Meloen et al., 2003] , while in this paper a comparison between model and measurement data is presented. Two trajectory models (LAGRANTO and FLEXTRA), two Lagrangian transport model (FLEXPART and STOCHEM), one Eulerian transport model (TM3) and two global circulation model (ECHAM4 and MA-ECHAM4) provided vertical profiles of an ''idealized'' stratospheric tracer during a 12-day case study period (26 May 1996 to 7 June 1996 . In addition, some of these models also provided vertical profiles of water vapor, O 3 , Be-7 and Be-10 concentra- tions. The model results have been evaluated using an extensive set of measurements, including satellite images, ozone-soundings and measurements performed at mountain stations.
[41] LAGRANTO, FLEXTRA and FLEXPART showed similar features. The analysis of stratospheric tracer fluxes through the 500 hPa level showed a thin filament with high downward fluxes of the stratospheric tracer. However, LAGRANTO and FLEXTRA mostly showed sporadic and non continuous [ST] increases below 300 hPa. This can be explained because LAGRANTO and FLEXTRA were the only models that had no parameterization for convection and turbulence. Nevertheless, these models, together with FLEXPART, were the only ones that identified a very large input of stratospheric air over CIM and CAP (not shown). FLEXPART showed higher simulated tracer concentrations in the middle-lower troposphere than the trajectory methods. A more detailed spatial and temporal analysis found good agreement with measurement data and permitted to describe the descent of the different stratospheric air streams down to the middle troposphere. However, compared with recorded data, an underestimation of stratospheric air was found approaching the surface (sections 3.3 and 3.5). As reported by Meloen et al. (submitted manuscript, 2002) , the time series of the domain-averaged [ST] at 700 hPa for LAGRANTO, FLEX-TRA and FLEXPART were characterized for the almost same behavior and absolute values. This could suggests that the great part of input of stratospheric air in the lower troposphere was confined, for trajectory models, inside well localized areas.
[42] The STOCHEM model underestimated STT during this event (particularly during the first part of the case study). In fact, at the 500 hPa level, STOCHEM captured only partially the shape of the stratospheric streamer seen in WV images. Analyzing [ST] and simulated O 3 profiles, STOCHEM showed a decrease in the tropopause height, but the modeled intrusion was weaker than recorded. This behavior could be explained by the relatively small number of air parcels used by the model to simulate the transport [Meloen et al., 2003 ]. However, a further intercomparison (Roelofs et al., submitted manuscript, 2003) , displayed satisfactory vertical resolution and concentration levels of simulated O 3 for STOCHEM during another intrusion episode. Thus, the crude meteorological assimilation scheme used for this case study, could be responsible for the underestimation of the event. In fact, the adoption of an improved assimilation scheme led to a significant change in the model results, better in agreement with other models and measurement data (Figure 18 ). On the other hand, the low Be-7 and Be-10 values, may be due to the scavenging parameterization being too simple.
[43] TM3 presented a quite realistic description of the event both in the upper (section 3.2) and middle troposphere (sections 3.3 and 3.5). These results were probably due to the low diffusivity of the tracer advection scheme used by TM3. Moreover, TM3 is an off-line model and therefore relatively less influenced by variations of the vertical wind fields. However, TM3 showed only low [ST] in the lower troposphere (below 600-700 hPa) during STT episodes. This can be an effect of the relatively coarse horizontal resolution adopted.
[44] ECHAM4 and MA-ECHAM4 captured the downward motion of stratospheric air in the lower troposphere (section 3.3), but simulated an elevated [ST] background in the troposphere, not seen in the measurements, during the whole case study. As highlighted in the companion paper [Meloen et al., 2003 ], ECHAM4 and MA-ECHAM4 are strongly influenced by numerical diffusion and by a large variability of the vertical winds due to their being on-line models. This can be the reason why these models provided high [ST] values throughout the troposphere. In fact their ozone and radionuclides simulations, were in much better agreement with the measurements because these tracers do not have strong gradient at the tropopause and are, thus, less affected by numerical diffusion which appears causing a loss in the spatial and temporal resolution in STT simulation. This was more evident for MA-ECHAM4 having a less diffusive advection scheme but a coarser horizontal resolution than ECHAM4. This suggests that good horizontal resolution is important to reduce the numerical diffusion in the simulation of STT events.
[45] Moreover, only the models with detailed resolution (i.e. LAGRANTO, FLEXTRA and FLEXPART), were able to reveal totally the input of stratospheric air over the CIM measurement site on 28-29 May 1996. This confirms, that even in a more general meaning the horizontal resolution appeared to be important for STT simulations. 
